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optical reflectance spectroscopy; microcirculation THE EXQUISITE STRUCTURE OF the microcirculation is designed to deliver nutrients to every cell in the human body. The development over the last 30 years of noninvasive optical techniques such as optical reflectance spectroscopy (ORS) (2, 18, 22, 33) and near-infrared spectroscopy (NIRS) (7, 23) has significantly advanced our understanding of the hemodynamics of the cutaneous (1, 20) , muscle (36) , cerebral (11, 13, 29, 48) , and gastrointestinal (15, 38) microcirculation. Furthermore, mean blood saturation (S mb O 2 ) and tissue oxygen index (TOI) derived by ORS and NIRS, respectively, evoke a concept that we can also measure the oxygen delivery to the tissue. These parameters are increasingly being identified as indicators of tissue hypoxia (1, 3, 8, 15, 21, 28, 34, 47) , which is a common end product of circulatory shock and a primary target for resuscitation efforts (5, 37) .
The primary goal of this study was to establish whether cutaneous tissue oxygen saturation (i.e., S mb O 2 ) derived by ORS is an appropriate indicator of tissue oxygenation. A further goal was to explore differences in S mb O 2 across cuta- 
METHODS

ORS.
The ORS instrumentation used in this study was developed in the School of Physics, University of Exeter, United Kingdom. By using a specially designed fiber optic probe, light from a stabilized quartz tungsten halogen white light source is delivered to the skin via a 200-m-diameter quartz fiber. Backscattered light is then collected in an array of 18 individual 50-m-diameter detector fibers encapsulated in the in-house-built probe. Six detector fibers form a concentric circle 250 m from the light source, six fibers have a source-detector spacing of 400 m, and a further six fibers have a source-detector spacing of 800 m. The receiving fibers deliver the reflected light into a SPEX 270M grating spectrometer and the spectrum is recorded by a Wright Technologies MK II charge-coupled device (CCD) camera equipped with an EEV CCD 30-11-5-219 CCD camera of 1,024 ϫ 256 pixel format. Spectra ranging from 470 to 1,120 nm are acquired in 0.05 s, processed by use of a custom-written Windows-based software package, and analyzed by using MatLab (The MathWorks, Natick, MA). The protocol was designed to replicate the experimental technique suggested by Merschbrock and colleagues (33) in which reflectance spectra are obtained specifically from the blood volume in the skin and not the surrounding interstitium. Initially a reference spectrum is taken with pressure applied to the probe sufficient to occlude the superficial blood vessels. This is observed as a disappearance of the attenuation peaks of blood. The spectrum is attributed to attenuation of the incident light by absorption and scattering in the interstitium. From the Beer-Lambert law the attenuation of light in optical densities is the log 10 of the incident light intensity divided by the transmitted light intensity. Taking the reference spectrum of the interstitium as the incident light and subsequent "interstitium and blood-filled" spectra as the transmitted light intensity then attenuation can be derived for the blood alone. To calculate [HbO 2] and [Hb] in the volume of skin sampled by the ORS probe, a modified BeerLambert law was implemented to account for attenuation due to scattering. A simple four-component multilinear regression algorithm uses 100 wavelengths between 500 and 600 nm to produce a least squares fit of each attenuation spectrum for blood alone. This takes the form of a modified Beer-Lambert law:
A blood() is the wavelength-dependent attenuation of light intensity by the blood alone; [Hb] and [HbO2] are micromolar concentrations of deoxyhemoglobin and oxyhemoglobin (in mol per liter of skin tissue); ␣ Hb() and ␣HbO2() are wavelength-dependent specific absorption coefficients of HbO2 and Hb, respectively (M Ϫ1 ⅐ cm Ϫ1 ); d is source-detector spacing (cm); B is differential path length factor; Go is constant scattering loss term for the blood; and Gl() is linear wavelength-dependent scattering loss term for the blood. The combined term B ⅐ d is the true optical path that the scattered light has traveled. Although d is simply the geometrical distance between the points where the light enters and leaves the skin, the differential path length factor B, being dependent on the amount of scattering in the medium, is difficult to determine. Techniques for measuring B given large (Ͼ1 cm) values for d have been described in the literature (9, 10); however, a value for B is not required in this study. The parameter B is a function of wavelength; however, in this study the modified Beer-Lambert law is implemented over a narrow spectral range from 500 to 600 nm. With a small source-detector spacing of 250 m, it is considered that within this spectral range a derived value of B would not have a significant dependence on wavelength. The parameter of interest in this study is the mean blood saturation given by S mbO2 ϭ [HbO2] ϫ 100/([HbO2]ϩ[Hb]). Hence, taking the ratio of the chromophore concentrations, B ⅐ d appears in the top and bottom of the equation and therefore cancels out.
Experimental protocols. The investigation was carried out with the approval of the School of Physics Research Ethics Committee, University of Exeter. Thirty healthy volunteers [14 women, 16 men: age 21-42 yr: 27.5 Ϯ 6.5 (mean Ϯ SD); blood pressure 110/65 Ϯ 10/8] took part in the study. All volunteers gave written, informed consent, and S mbO2 was measured either in dorsal skin of the left forearm or in the skin of the left dorsal index finger, distal from the knuckle over the proximal phalanx. There were 15 studies on the forearm and 23 studies on the index finger with 8 subjects investigated at both sites. All subjects met the inclusion criteria, defined as nonsmokers, no family history of cardiovascular disease, normotensive, and no medication. Caffeinated drinks were not permitted for 2 h prior to the study. Subjects lay supine and were acclimatized for one-half hour to a room temperature of 24 -26°C. After a 30-min period of acclimatization that ensured the subject was adjusted to room temperature and data had stabilized, baseline data were recorded.
Data analysis. The ORS data from the source-detector spacing of 250 m, considered to sample from a skin depth to ϳ200 m (32), were analyzed. Periods of 500-s artifact-free baseline data were analyzed in MatLab. Fig. 3 . These were used to identify differential markers between type I and type II swings.
Statistics. Data presented in the text are means Ϯ SD. Statistical analysis was performed by SPSS version 13.0 (SPSS, Chicago, IL) with data sets tested for normality by the Kolmogorov-Smirnov test. For normally distributed data, group comparisons were made by parametric unpaired t-test. For nonnormally distributed data and sample sizes Ͻ12, nonparametric statistics were applied.
RESULTS
The S mb O 2 derived by ORS was analyzed from the 23 studies in the finger and 15 studies in the forearm. The mean S mb O 2 was higher in the finger (63 Ϯ 11%) compared with the forearm (45 Ϯ 10%; P Ͻ 0.01, unpaired t-test). The S mb O 2 was not found to be constant over time but oscillated with an amplitude (mean Ϯ SD) of 16 Ϯ 9.% in the finger and 11 Ϯ 6% in the forearm averaged across all subjects. Fourier analysis and manual inspection of the data revealed low-frequency oscillations in S mb O 2 at Ͻ0.05 Hz. These oscillations in saturation were associated with two different patterns of changes in tissue blood volume [Hbt] . We have defined these as "type I" and "type II" swings in S mb O 2 (Fig. 2) . The mean and standard deviation for the six parameters defined to describe a S mb O 2 , swing (t1, t2, g1, g2, min, max) are presented in Table 1 . These results are averaged separately for type I and type II swings across all subjects. None of the parameters t1, t2, g1, g2, and min and max were significantly different when measured in a type I S mb O 2 swing compared with a type II S mb O 2 swing (unpaired t-test, P Ͼ 0.05). There were five subjects demonstrating both type I and type II swings, and again there was no significant difference between any of these parameters (paired Wilcoxon's sign-ranked P Ͼ 0.05). There were no differences in type I swing parameters (t1, t2, g1, g2, min, and max) from the forearm skin compared with finger skin parameters; however, type II swings differ according to cutaneous site. The time for S mb O 2 to rise to a maximum (t2) was significantly shorter in the finger than in the forearm (P ϭ 0.019); S mb O 2 rose at a faster rate (g2) in the finger than in the forearm (P ϭ 0.013) and the S mb O 2 falls in the finger were faster (g1) than in the forearm (P Ͻ 0.047). A schematic diagram to illustrate these differences is shown in Fig. 4 .
The oscillation frequencies of type I and type II swings in finger and forearm determined by Fourier analysis and the number of subjects with type I and type II swings of that Fig. 3 . Schematic diagram of parameters determined in SmbO2 swings where t1 is time for SmbO2 to fall to minimum (s); t2 is time for SmbO2 to rise to maximum (s); min is minimum SmbO2 in swing (%); max is maximum SmbO2 in swing (%); g1 is gradient of fall in SmbO2 (%/s); and g2 is gradient of rise in SmbO2 (%/s). SmbO2, mean blood oxygen saturation; t1, time for SmbO2 to fall to minimum; t2, time for SmbO2 to rise to maximum; min, minimum SmbO2 in swing; max, maximum SmbO2 in swing; g1, gradient of fall in SmbO2; g2, gradient of rise in SmbO2. *P ϭ 0.019 for t2 in finger vs. t2 in forearm in type II swings, †P ϭ 0.047 for g1 in finger vs. g1 in forearm in type II swings, ‡P ϭ 0.013 for g2 in finger vs. g2 in forearm in type II swings. Fig. 4 . Scaled schematic graph of averaged type I and type II swings in the finger and forearm. Significant differences between these traces are given in Table 1 .
frequency are shown in Fig. 5 . These data from all 30 subjects demonstrate that all type II swings occur at Ͻ0.04 Hz whereas type I swings can occur up to 0.32 Hz.
DISCUSSION
This study has evaluated the S mb O 2 across arterioles, capillaries, and venules in the cutaneous microcirculation of dorsal finger and forearm as measured by ORS. The S mb O 2 was lower in the forearm (45 Ϯ 10%) compared with the finger (63 Ϯ 11%) and was not constant over time but fluctuated. Although the range of skin temperatures across subjects varied from 28.0 to 33.9°C, the maximum change of skin temperature within a study was only 0.9°C. These S mb O 2 values are similar to other ORS studies of normal healthy human skin, which identified that the saturation of hemoglobin in dermal vessels was greater in acral skin of the extremities compared with proximal sites. For example, Caspary and colleagues reported mean(SD) oxygen saturation of 65(11.9)% for volar forearm and 90(3.9)% for tip of index finger (4), whereas others report mean oxygen saturations of 72.9(12.2)% for lateral forearm (33) . All studies were performed with a skin temperature of 26 -31°C, although unfortunately the researchers did not specify the source-detector spacings. In contrast, different depths at one site, as opposed to different sites, reveal similar saturations. Mean(SD) oxygen saturations above the medial malleolus of 39.6(19.5)% to a depth of 200 m and 31.0(12.4)% to a depth of 1 mm have been reported at a room temperature of 20°C but with no skin temperature reported (18) . The skin above the medial malleolus of the leg is taken to be nonacral and the saturations derived are lower than those reported for fingers and forearms.
This variation across cutaneous sites could arise from the different mechanisms involved in blood flow regulation in acral and nonacral skin. In the finger there are arteriovenous anastomoses (AVAs) that directly connect arterioles to venules and are under high basal sympathetic vasoconstrictor drive (17, 30) . Vasodilation produces shunting of arterial blood through the AVAs into the venous compartment. Since S mb O 2 measures a mean saturation across arterioles, capillaries, and venules, this increase in [HbO 2 ] in the venules of the finger would produce a higher S mb O 2 . Conversely, the time-averaged mean S mb O 2 in the forearm would be lower because of the lack of AVAs. It is also possible that a lower cutaneous blood flow in the forearm reduces the washout of [Hb] or results in increased extraction, consequently lowering the time-averaged S mb O 2 . A reduced cutaneous flow in the forearm may also explain alterations we have seen in the type II swings in the finger and forearm, where the S mb O 2 appears to change at a slower rate and over a longer time period in the forearm than in the finger.
Preliminary Research often focuses on the study of saturation of blood in different tissues as an index of tissue health. However, it is easy to incorrectly extrapolate that a tissue containing a high fraction of HbO 2 , i.e., a high saturation, is well supplied with oxygen. For oxygen exchange from blood to tissue to have taken place then [HbO 2 ] must fall and [Hb] must rise, i.e., a reduction in saturation. Oxygen saturation by definition relies on constant blood volume if it is to be interpreted as a measure of oxygen delivery. However, ORS and NIRS have successfully demonstrated the spontaneous fluctuations in blood volume observed as vasomotion (12, 39, 45) . The authors believe that the present observational study, without the involvement of interventions, demonstrates the impact that these spontaneous fluctuations in blood volume may have on the derivation of S mb O 2 . It has been shown that a measured change in S mb O 2 can occur either as a type I or type II swing and that there appears to be no significant difference in the appearance of these changes in S mb O 2 in either the finger or forearm. However, a difference occurs in the change in [Hb] , suggesting that the type I and type II swings may indicate contrasting levels of oxygen exchange. For type I swings the [Hb] remains relatively constant, indicating a relatively constant metabolic demand and oxygen usage, despite the apparent swing in S mb O 2 . This is, therefore, presumably due to a change in arterial blood volume arising from either arterial vasodilation and constriction or capillary recruitment. This observation contrasts with the literature that identifies 70% of total blood volume to be contained in the venous compartment. For type I swings to be linked with changes in the venous rather than the arterial network, we would expect to observe coherent changes in [HbO 2 ] and [Hb]. This we do observe in blood volume changes related to the respiratory frequency and can be seen as the high-frequency component in [HbO 2 ] and [Hb] in Fig. 1A . Indeed, the respiratory-induced oscillations of near-infrared absorption in tissues has been presented as a method of measuring venous saturation (14) . Franceschini and colleagues (14) emphasize the importance of verifying that [HbO 2 ] and [Hb] oscillate in phase at the respiratory frequency. However, our study has identified oscillations in [HbO 2 ] without changes in [Hb] , and this could only occur in the venous compartment if the S mb O 2 was 100%. We therefore suggest that that type I swings arise from changes in arterial blood volume alone. Although using a different technique and tissue type, research using positron emission tomography has demonstrated that cerebral blood volume changes during hypercapnia and hypocapnia are caused by changes in arterial blood volume without changes in venous and capillary blood volume (19) .
In a type II swing, the [HbO 2 ] and [Hb] appear to change in antiphase. This indicates a change in oxygen extraction arising from either altering oxygen demand or a change in cutaneous blood flow. This complex relationship between parameters affecting the S mb O 2 has been studied in cerebral oxygenation [tissue oxygenation index (TOI)] by NIRS (44) . Tachtsidis (44) derived an equation demonstrating the direct relationship between TOI with the arterial-to-venous volume ratio, oxygen consumption, and the indirect relationship with cerebral blood flow. It is based on a simple two-compartment arterial and venous system and the Fick principle. Although in this study the tissue volume is small and cutaneous blood flow heterogeneous, this model can still provide insight into the complex nature of the parameters that can affect S mb O 2 . The equation can be rewritten to describe the parameters affecting S mb O 2 as determined by ORS in the cutaneous microcirculation:
where Sa O 2 is arterial saturation (%); V a is arterial blood volume per unit mass of tissue (l/g); V v is venous blood volume per unit mass of tissue (l/g); CMRO 2 is oxygen consumption (ml of oxygen/min); k (Hüfner's number) is oxygen binding capacity per 1 g hemoglobin (ml); SBF is skin blood flow (ml/min), and Hb is the hemoglobin concentration (g of Hb/dl of blood).
The possible origins of the type I and type II swings can be identified in this equation. With the type I swing the arterial blood volume V a is seen to fluctuate such that arterial vasodilation, i.e., an increase in V a , induces an increase in S mb O 2 ; conversely, arterial vasoconstriction induces a fall in S mb O 2 . This can occur without any alteration to the CMRO 2 . The type II swings are more complicated because a change in oxygen extraction can be induced by either a change in cutaneous blood flow or a change in oxygen demand. Since the type I and type II swings have been shown to be indistinguishable by their change in S mb O 2 , this leads to the hypothesis that the measurement of S mb O 2 may not by itself be a definitive marker of the level of oxygen supply to a tissue. It may in fact be more useful to take a measure of [Hb] as an indication of tissue oxygen exchange.
The data have also been analyzed to investigate the frequencies of the oscillations in S mb O 2 . The histograms in Fig. 5 illustrate how type II swings only occur at frequencies Ͻ0.04 Hz whereas the type I swings occur at a range of frequencies up to 0.32 Hz. Our understanding of the nature and origin of rhythmic fluctuations in the cardiovascular system has been advanced with the development of optical tools such as laser Doppler fluximetry (27, 40) and intravital microscopy (6, 35, 41) . These techniques have studied the spontaneous rhythmic vasodilation and vasoconstriction of blood vessels, known as vasomotion, through the measurement of oscillations in the concentration of moving red blood cells (flux) or vessel diameter, respectively. The research has revealed five characteristic frequencies of oscillation in the cardiovascular system at 1, 0.3, 0.1, 0.04, and 0.01 Hz (42) with a possible sixth frequency at Ͻ0.01 Hz (26) . The origins of these oscillations are thought to arise from endothelial activity at Ͻ0.02 Hz; sympathetic activity between 0.02 and 0.05 Hz and myogenic activity between 0.05 and 0.15 Hz (42). This study is, to our knowledge, the first to analyze oscillations in cutaneous S mb O 2 . It suggests that the type II swings are likely to arise from endothelial and sympathetic activity (Ͻ0.04 Hz oscillations), whereas the type I swings appear to be derived not only from endothelial and sympathetic activity but also from myogenic and respiratory influences. The effect of respiration is thought to act predominantly on the venous compartment (14) and would therefore alter the arterial-venous volume ratio to induce type I swings, although this would also induce some change in [Hb] . The passive contraction of the venous compartment induced by inspiration could increase the arterial-venous volume ratio and hence increase S mb O 2 . Similarly with the myogenic response arising from transluminal pressure changes, this might dominate the arterial compartment and thus alter arterial-venous volume ratio. It is interesting that type II swings in S mb O 2 possibly linked with oxygen extraction appear only to be induced by endothelial and sympathetic activity. Theoretical modeling of vasomotion has suggested that these oscillations might ensure adequate oxygen delivery to all tissues (25, 46) , with the largest effect seen for low frequencies Ͻ0.05 Hz related specifically to endothelial and sympathetic activity (16) .
In summary, ORS has clearly demonstrated oscillations in the S mb O 2 that occur spontaneously in the dorsal skin of the forearm and index finger. Although these changes in S mb O 2 appear to be similar in all cases, there are in fact two identifiably separate responses inducing these fluctuations. 
